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In the article, by changing the technological modes of strip rolling in helical rolls and a longitudinal wedge mill, the 
phase and structural transformations in the foil blank are studied. It was found that rolling in helical rolls with twelve 
passes of the initial alloy billet 2017 provides its nanostructuring with the formation of a mixed structure. It is shown 
that rolling alloy 2017 in helical rolls leads to an increase in the density of dislocations. It has been proved that with 
an increase in the number of passes, the excess phases, mainly of coarse particles of the (CuFeMn) 3Si2Al15 phase, 
are significantly crushed. The volume fraction of these particles does not change.
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INTRODUCTION
Currently, scientists in many countries pay great at-
tention to research areas that can significantly improve 
the service properties of metals and alloys through the 
development and application of new ways to control 
their structural-phase state without changing the chemi-
cal composition [1]. The most effective areas of science 
include research on the development of methods for 
producing nanostructures. Of all the nanostructuring 
(NS) method of metals and alloys, of particular interest 
is the method of obtaining non-crystalline structures of 
severe plastic deformation (SPD). Such interest is as-
sociated with the comparative simplicity of the SPD 
method and its applicability to all classes of crystalline 
materials [2]. At present, a number of SPD methods 
have been developed, a wide range of NS metallic ma-
terials has been obtained and studied, and work is un-
derway to introduce them into industry. However, de-
spite the huge amount of research, the mechanisms and 
factors responsible for the efficiency of the formation of 
new nanoscale phases (grains) are still largely unclear 
[3]. The issues of the initial and intermediate structural 
phase state on the structure and properties of materials 
after final processing also belong to poorly studied is-
sues [4]. As applied to wrought aluminum alloys, these 
questions are practically reduced to revealing the role of 
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the second phases. Moreover, in the literature there is 
no unequivocal opinion about their role. So, for exam-
ple, it is stated in the works that the introduction of dis-
persed particles and an increase in their volume fraction 
leads to the production of SPD structures with a smaller 
size and a larger proportion of new grains [5]. The pur-
pose of this work is to study the phase and structural 
transformations in a 2017 aluminum alloy foil billet 
during SPD in helical rolls (HR) and rolling in a longi-
tudinal wedge mill (LWM).
MATERIALS AND METHODS
The spectrum of the disorientation boundaries, the av-
erage angle of disorientation (Θa), share high-angle 
boundaries, shape, and grain size (Dg) and sub grain (Ds), 
the volume fraction of recrystallized grains (Vg), was de-
termined by the EBSD maps obtained using microscope 
TESCAN MIRA 3 LMH registration system ОХFORD 
and HKL CHANNEL5 software package. The size of the 
study area (raster) was 200 × 150 points with scanning 
steps of 0,5 μm and 70 nm. When processing the data, a 
standard Tango filter was used. Samples for x-ray analy-
sis (XRA) measuring 5 × 5 mm and a thickness of 2 to 
0,2 mm were cut from rolled sheets [1]. To eliminate the 
influence of the rivet introduced during the cutting of the 
samples and the oxidized layer that arose during heating, 
the samples were mechanically ground and polished on 
diamond pastes with an abrasive dispersion from 14 / 7 to 
1 / 0 μm before the XRA. X-ray diffractometer DRON-4-
07 in Cu-Ka radiation at a voltage of 40 kV and a current 
of 30 mA with a wavelength λ = 1,54418 Ǻ was used for 
x-ray analysis (x-ray) in the rolling plane. The value of 
the lattice parameter a, the mean square microdeforma-
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tion of the crystal lattice <ε2>1/2 and the size of the coher-
ent scattering regions of the Dcsr were calculated by auto-
matic full-profile analysis of diffraction patterns in the 
software complex “MAUD” (Materials Analysis Using 
Diffraction). The measurement error of a, <ε2>1/2 and Dcsr 
did not exceed ±0,0001 Å, 0,001 % and 5 nm, respec-
tively. Based on the experimentally obtained values а, 
<ε2>1/2 and Dcsr, the dislocation density ρ in the material 
after various treatments was calculated by the formula 
used in:
 
where b – Burgers vector dislocation (for aluminum b = 
0,286 nm).
RESULTS AND DISCUSSION
At the same time, the crystal lattice of the matrix 
also had a low level of microstresses (<ε2>1/2) – 0,12 %, 
and relatively large size Dcsr ~145 nm, characterizing 
the size of the regions of the crystal lattice, misoriented 
at angles of the order tens of angular minutes. On the 
x-ray of the initial sample, reflexes of high and low in-
tensity are observed. The former were indexed as alu-
minum solid solution. The second ones belonged to the 
θ (CuAl2) and S (Al2CuMg) phases and indicated that 
the metal of the initial sample had a completely undis-
solved phase. Reflexes from other phases, including T 
(Al20Cu2Mn3) phases, could not be fixed because of 
their small volume fraction, which is beyond the sensi-
tivity of the method X-ray analysis (<5 %) [12].
By optical metallography (OM) and scanning elec-
tron microscopy (SEM) in the initial alloy, particles of 
two excess phases were observed, which differed in 
morphology: large complex (skeletal) forms and small-
er compact particles. After etching the first became 
black, and the second dark brown. Comparison data of 
etch ability and chemical analysis of particles allowed 
to refer them to (CuFeMn)3Si2Al15 and S(Al2CuMg) 
phase, respectively. The total volume fraction of the 
particles of both phases was (11,9 ± 1,5) %.
Thus, it can be concluded that in 2017 aluminum al-
loy, as a result of its rolling into HR with twelve passes, a 
mixed nano (sub) grain structure is formed, with crystal-
lite size ~ 120 - 360 nm and coherent scattering areas ~ 70 
- 80 nm. At the same time, the dislocation density did not 
change and the grain and sub grain boundaries on the 
TEM images became even clearer and thinner [2]. Judg-
ing by the Energy backscattered diffraction (EBSD) 
maps, these areas alternated and were arranged form of 
stripes stretched across the rolling direction. The share of 
high angle borders (HAB) in such a structure reached 83 
%, and the average misorientation angle of the boundar-
ies is ~ 36 º. At the same time, the distribution spectrum 
of boundary misorientations became close to the theoreti-
cal random distribution with a maximum of about 48 º. 
An indirect confirmation of this is the nature of the change 
in the lattice parameter of the aluminum matrix during 
rolling in the HR (see below). To study the changes of 
morphology of the excess phase after rolling in the HR 
has allowed establishing that during the rolling phase was 
milled. Moreover, particles were predominantly ground 
(CuFeMn)3Si2Al15 - phase, while the size of the initially 
smaller particles of the S-phase decreased slightly.
The volume fraction of particles in aluminum alloy 
2017 when rolling HR with twelve passes (13,3 ± 0,4) 
% was almost identical to that in the undeformed state 
(12,3 ± 0,8) %. The obtained data meant that in the pro-
cess of rolling in the HR dissolution of excess phases 
did not occur, but only their grinding took place. The 
latter, apparently, was the main reason for some de-
crease in the average value of the volume fraction of the 
phases, as part of the particles became less than 1 μm in 
diameter and accordingly, was not recorded. In this pa-
per, there are dependences of the change in the lattice 
parameter on the degree of deformation obtained on the 
basis of full-profile analysis of diffraction patterns. 
From these materials it can be seen that these dependen-
cies are nonmonotonic. First, with an increase in the 
number of passes to four lattice parameter of the alloy 
decreases sharply. With further deformation with the 
number of passes up to eight, the value of the lattice 
parameter varies only slightly and with a subsequent in-
crease in the number of passes up to twelve, it increases 
rapidly [3]. The non-monotonous type of dependence 
indicates a simultaneous and unequal influence (contri-
bution) of several factors that determined the absolute 
value and trends of the lattice parameter during the roll-
ing process in alloy 2017. In our opinion, in the early 
stages of deformation, the decrease in the lattice param-
eter was caused by a significant increase in the defect 
structure of the material. Note that a similar effect was 
observed in SPD of pure metals for example, copper 
and nickel as well as nickel obtained by ball grinding. 
The author of suggested that a decrease in their lattice 
parameter is caused by the appearance of strong fields 
of elastic compressive stresses due to a significant in-
crease in the fraction of grain boundaries due to the for-
mation of a nanocrystalline structure. In this case, in the 
2017 alloy only the formation of a developed cellular 
structure was observed. Apparently, the cell boundaries 
could also be a sufficient source of compressive elastic 
stresses, which influenced the lattice parameter value of 
the alloy. In this paper, the study of the quantitative 
characteristics of the particles was carried out at two 
structural levels – at the meso level by SEM and at the 
micro level by TEM. In the initial sample, large parti-
cles up to 7 μm in size are observed at the meso level, 
with the most likely size of large particles being 3 μm, 
the average distance between the particles being 21,0 ± 
0,3 μm. At the micro level, the most probable size of 
small particles lay in the range of 2 – 12 nm, the average 
distance between the particles is 132 ± 7 nm. Thus, the 
initial billet had a coarse-grained state with a certain 
concentration of solid solution (SS) with large (up to 7 
μm) and small (2 - 12 nm) particles.
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The results of the study size and distribution of par-
ticles at the mesa-level studied on SEM, after rolling 
into HR with a different number of passages, showed 
that with increasing accumulated strain, the average 
distance between particles decreases from 21 to 14 μm, 
which corresponds to an increase in particle density by 
about 2 times. This can be explained by one of the pro-
cesses determining the evolution of particles, the me-
chanical fragmentation of large particles. In our opinion, 
in alloy 2017 there is at least one coinciding slip plane 
between the particles and the aluminum matrix, through 
which the mechanical break of the particles can pass. The 
results of the study size and distribution of particles ob-
served Transmission electron microscopy (TEM) after 
different numbers of rolling passes in HR showed that 
with increasing accumulated strain, the average distance 
between particles decreases twice from 132 to 70 nm, 
which corresponds to an increase in the density of parti-
cles of about 10 nm in size by about 4 times.
The study of the evolution of an ensemble particles of 
the second phases showed that after complex processing, 
including rolling HR with twelve passes and rolling 
LWM, the average particle size was 53 ± 7 nm, the most 
probable value falls on 30 - 40 nm - particles of this size 
constitute more than 75 % of the total. The average dis-
tance between particles increased to 730 ± 20 nm that is 
the density of particles decreased by 2 times [4].
At the same time, the average size groups of particles 
combined by composition and morphological character-
istics vary in different ways. Complex deformation treat-
ment leads to an increase in the average size of rod-like 
particles up to 74 ± 3 nm and round ones up to 55 ± 6 nm. 
Large hexagonal particles appear with a significant aver-
age size of 123 ± 3 nm. The size square particle does not 
change and the triangular and oval particles are reduced 
in size to values of 42 ± 3 and 31 ± 8 nm, respectively.
The disintegration of the SS led to the release of six-
sided aluminum-honey particles, the enlargement of 
rod-like and round particles. As a result of the deforma-
tion-induced dissolution of particles of the second phas-
es, the average size of triangular and oval particles de-
creases to 41 nm. Taking into account the fact that after 
complex deformation processing, the density of parti-
cles decreases twice as compared with the initial state, 
it can be assumed that the deformation-induced dissolu-
tion particles second phase is a process that dominates 
the deformation-stimulated decomposition of SS.
Particles are also observed in the grain boundaries. 
And here again the question arises about the nature in-
teraction particles and dislocations. On the one hand, at 
the SPD stage a dislocation wall could first form, which 
a small-angle boundary was formed and then particles 
of the second phases were separated in this boundary as 
a result of deformation-stimulated decomposition of the 
SS. On the other hand, the movement of dislocations 
could be stopped by a wall of densely located particles 
of the second phases the implementation of the harden-
ing mechanism according [5].
The fragments of the structure after the complex 
SPD including cold rolling on the LWM, are so strongly 
elongated along the thin strips that it was not possible to 
estimate their longitudinal size, the transverse size was 
about 70 - 120 nm. EBSD analysis showed a large num-
ber of misalignment angles over five degrees. The pre-
dominant number of large-angle boundaries indicates 
the formation of a fragmented nanocrysallic structure in 
the material.
CONCLUSIONS
1) Hot rolling in the HR with twelve passes of the 
initial billet from the alloy 2017 provides its nanostruc-
turing with the formation of a mixed structure, with the 
size of recrystallized grains (~240 nm) with a character-
istic electron microscopic contrast for the SPD materials.
2) Hot rolling alloy of 2017 into HR, without 
changing the volume fraction of particles excess phas-
es, leads to their significant grinding, with predomi-
nantly coarse particles of phase (CuFeMn)3Si2Al15. The 
dispersed particles of the T-phase gain preferential ori-
entation and line up in the direction of rolling with the 
formation of lines.
3) Rolling aluminum alloy in HR 2017 leads to an 
increase in the dislocation density in the alloy matrix by 
8 - 9 times to a level of~ 8×1014 m-2, at the same time, 
the lattice parameter of the matrix changes non-mono-
tonically: first, it decreases sharply and then increases, 
approaching the values in the unreformed alloy aged to 
maximum strength.
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